The effects of Ga and Ti substitutions for Sn on the Mn spin arrangements in the YMn 6 Sn 6 compound have been investigated by means of X-ray diffraction (XRD), magnetization measurement and Mössbauer spectroscopy. XRD refinement indicates that Ga and Ti atoms prefer to occupy 2d and 2e sites, respectively. Mössbauer spectra indicate incommensurate magnetic structures for the YMn 6 Sn 6 , YMn 6 Sn 5.4 Ga 0.6 and YMn 6 Sn 5.4 Ti 0.6 compounds. The substitution of Ga for Sn at the 2d sites is found to significantly decrease the turn angle in the Mn-Sn 3 -Sn 2 -Sn 3 -Mn layer and to subsequently increase the net magnetization. On the other hand, the substitution of Ti for Sn at 2e sites increases the turn angles in the Mn-(Y,Sn 1 )-Mn and Mn-Sn 3 -Sn 2 -Sn 3 -Mn layers, and consequently decreases the exchange coupling of Mn-Mn between different layers. The resulting ferromagnetic and ferrimagnetic behavior, as has been observed for YMn 6 Sn 5.4 Ga 0.6 and YMn 6 Sn 5.4 Ti 0.6 , respectively, can be explained in terms of these spin interactions. q
Introduction
Extensive studies have been focused on the magnetic properties of the series of RMn 6 X 6 (RZrare earth element and XZSn or Ge) compounds with the HfFe 6 Ge 6 -type structure and have demonstrated a wide variety of magnetic behavior [1] [2] [3] [4] . The space group of RMn 6 Sn 6 compounds is P6/mmm where R atoms occupy 1a(0,0,0) sites, Mn atoms occupy 6i(0.5,0,Z Mn Z0.25) sites and Sn atoms occupy three non-equivalent sites, 2c(1/3,2/3,0), 2d(1/3,2/3,0.5) and 2e(0,0,Z Sn Z0.34), which are defined as Sn 1 , Sn 2 and Sn 3 sites, respectively. These compounds consist of the alternating layers Mn-(R,Sn 1 )-Mn and Mn-Sn 3 -Sn 2 -Sn 3 -Mn stacked along the c-axis: the slab. In all of these compounds, the magnetic structure of the Mn atoms in the (001) basal plane is ferromagnetic, while the arrangement of Mn magnetic moments between different layers is complicated and depends on the nature of the R atoms [5] [6] [7] .
In previous work, we have demonstrated that the substitution of Ga or Ti for Sn results in a significant increase in magnetization, implying a transition from antiferromagnetic coupling to ferromagnetic or ferrimagnetic coupling [8, 9] . However, the preferred occupancy of Ga and Ti atoms and its effect on the Mn spin arrangements in different layers of the YMn 6 Sn 6 compound is not yet understood in detail. 119 Sn Mössbauer spectroscopy is a very efficient tool for probing the local environment of Sn atoms. In magnetically ordered materials, the magnetic hyperfine interaction at the Sn nuclei is related both to the arrangement of the magnetic atoms and to the chemical bonding between Sn atoms and these magnetic atoms. In this work, we present 119 Sn Mössbauer spectra in order to investigate the spin arrangements in YMn 6 
Experimental methods
Three samples with compositions of YMn 6 Sn 6 , YMn 6-Sn 5.4 Ga 0.6 and YMn 6 Sn 5.4 Ti 0.6 were prepared by arc melting constituent elements in a highly purified Ar atmosphere. The purity of the elements was at least 99.9%. About 5 and 15 at.% excess of Y and Mn were added to compensate for the mass loss during melting, respectively. The ingots were re-melted at least three times to ensure homogeneity and annealed in an evacuated quartz tube at 1043 K for 240 h then rapidly quenched into water. The crystal structure was confirmed by room temperature (RT) X-ray diffractometer (XRD) scans using CuK a radiation. The crystal structure of the powder samples was determined by Rietveld profile refinement of the X-ray diffraction (XRD) pattern. A superconducting quantum interference device (SQUID) magnetometer was used to measure the magnetic properties of all samples for temperatures below 400 K.
119 Sn Mössbauer spectroscopy was used to investigate the hyperfine fields at the three nonequivalent Sn sites. Room temperature 119 Sn Mössbauer spectra were recorded by a Wissel System constant acceleration Mössbauer spectrometer with a Ca 119 m SnO 3 source. A palladium foil was used as a critical absorber for Sn X-rays. The Mössbauer spectra were fitted with a leastsquares method program assuming Lorentizian peaks. The velocity scale was calibrated using the peak-to-peak splitting of the outer lines of Co 2 MnSnw13.134 mm/s and the center shifts are referenced to room temperature CaSnO 3 .
Results and discussions
XRD patterns show that all samples crystallize with the hexagonal HfFe 6 Ge 6 -type structure (P6/mmm space group). Rietveld profile refinement was carried out using the Hunter and Howard package to determine lattice constants and atomic positions [10] . compounds. The crystallographic parameters of the HfFe 6-Ge 6 -type structure (P6/mmm space group) were used to start the refinement. Y and Mn atoms are located at 1a(0,0,0) and 6i(0.5,0,Z Mn z0.25) sites, respectively. Initially, it was assumed that Ga(Ti) and Sn atoms occupy the three nonequivalent sites 2c(0.33,0.67,0.00), 2d(0.33,0.67,0.50) and 2e(0.00,0.00,Z Sn Z0.34), statistically. According to the chemical concentration and with the linear constraint condition, the sum of the fractional occupancies of Sn and Ga(Ti) atoms on each of these three sites was fixed to be equal to 1.0. Refined values of the lattice and positional parameters and atomic occupancies of YMn 6 Sn 6 , YMn 6-Sn 5.4 Ga 0.6 and YMn 6 Sn 5.4 Ti 0.6 at room temperature are summarized in Table 1 . Rietveld structure analyses show that Ga atoms prefer to occupy 2d sites, which is consistent with the neutron diffraction results for DyMn 6 Ge 6Kx Ga x compounds [11] . On the other hand, Ti atoms are observed to preferentially occupy 2e sites.
The thermomagnetic behavior of YMn 6 Sn 6 , YMn 6 Sn 5.4-Ga 0.6 and YMn 6 Sn 5.4 Ti 0.6 compounds has been measured in a magnetic field of 500 Oe, and the results are shown in Fig. 2 . The YMn 6 Sn 6 compound displays a sharp Nèel point at 330 K. The substitution of a small amount of Ga for Sn results in a transition from antiferromagnetic behavior to ferromagnetic behavior with a Curie temperature of around 375 K. On the other hand, the substitution of a small amount of Ti for Sn yields ferrimagnetic behavior with a Curie temperature of 320 K.
The isothermal magnetization curves at 5 and 293 K of these three samples were measured and are illustrated in Magnetization measurements suggest that a non-collinear magnetic structure exists in these compounds, and that the substitution of Ga or Ti significantly modifies the spin arrangements of Mn atoms. Although previous 119 Sn Mö ssbauer studies of YMn 6 Sn 6 have been reported, the experimental data, taken prior to neutron diffraction experiments, were misinterpreted and the authors concluded an antiferromagnetic arrangement for the Mn moments in the (001) plane [12] [13] [14] . A careful 119 Sn Mössbauer spectroscopy study of YMn 6 Sn 6Kx M x (MZGa or Ti) is helpful in determining the evolution of the magnetic structure of these materials. Fig. 4 illustrates 119 Sn Mössbauer spectra of YMn 6 Sn 6 , YMn 6 Sn 5.4 Ga 0.6 and YMn 6 Sn 5.4 Ti 0.6 compounds at room temperature. The existence of three non-equivalent Sn sites in these compounds results in very complicated absorption spectra. The central doublets for YMn 6 Sn 6 and YMn 6-Sn 5.4 Ga 0.6 are related to the Sn-containing impurity phase, which was also observed from XRD patterns. The magnetically split spectra were fitted with three sextets. The resulting hyperfine parameters are given in Table 2 . The measured hyperfine fields are in good agreement with those reported by Amako et al. [12, 13] . The substitution of Ga results in an increase in average hyperfine field, while Ti substitution leads to a decrease of average hyperfine field due to the change of the saturation magnetization and Curie temperature. In order to assign the three subspectra to the three nonequivalent sites, Sn 1 , Sn 2 and Sn 3 , an analysis of the atomic environment of these three Sn sites is necessary. On the basis of the crystal structure of YMn 6 Sn 6Kx M x (MZGa or Ti) compounds, the nearest neighbors of the Sn 1 , Sn 2 and Sn 3 sites are plotted in Fig. 5 . Since, 119 Sn hyperfine fields at the Sn sites result from the presence of Mn magnetic moments, only the nearest neighboring Mn atoms are taken into account in this analysis. Although all Sn atoms at these three non-equivalent sites have six Mn atoms as the nearest neighbors, the distribution of the six surrounding Mn atoms is different. The Sn 1 and Sn 2 sites are situated in the center of a trigonal Mn prism formed within Mn-(Y,Sn)-Mn and Mn-Sn 3 -Sn 2 -Sn 3 -Mn layers, respectively. The Sn 3 atom is slightly outside of the hexagonal Mn plane. Since the Sn atoms are non-magnetic, the hyperfine field (H HF ) acting on 119 Sn nuclei in the magnetically ordered state of YMn 6 Sn 6K
x M x , arises from the transferred hyperfine field caused by the neighboring magnetic atoms. This is proportional to the number of nearest neighbor magnetic atoms and their magnetic moments;
where m j (i) is the magnetic moment of neighboring j-site magnetic atom. C i is the hyperfine coupling constants, and n j (i) is the number of the j-site magnetic atoms surrounding the ith atom. From Eq. (1), one can see that the 119 Sn hyperfine fields at the three Sn sites are governed by the spin arrangements of their surrounding Mn atoms. In all of these magnetic structures the ordering within the planes (001) is ferromagnetic, while non-collinear magnetic structures were observed between different Mn layers. Therefore, it is reasonable to assume that the value of 119 Sn hyperfine field at the 2e site is the largest one. This assumption can be supported by comparing the relative absorption intensities of these three subspectra with the Ga or Ti atomic occupancy obtained by XRD results. XRD results suggest that Ti atoms prefer the 2e site for YMn 6 Sn 5.4 Ti 0.6 , therefore the subspectrum with the smallest absorption area and the largest hyperfine field of 118 kOe is assigned to be (2)- (4), the values of f 1 and f 2 can be calculated and these are listed in Table 2 . These results indicate that the Mn magnetic moments change their orientation within the basal plane on going from one R sheet to another. This complex spin ordering is expected as neutron diffraction refinement [6] has demonstrated a spin arrangement with a non-constant rotation of the moments, i.e. a turn-angle sequence [1!160 8-7!114.7 8-2!27 8-7!114.7 8-1!160 8] along one-half the c 0 parameter of a supercell with c 0 Z36c for the compound YMn 6 Sn 6 . It is noteworthy that a few percent of Ga substitution for Sn at the 2d sites is found to significantly decrease the turn angle of the Mn-Sn 3 -Sn 2 -Sn 3 -Mn layer and to significantly increase the net magnetization resulting in overall ferromagnetic behavior for YMn 6 Sn 5.4 Ga 0.6 . On the other hand, the substitution of Ti for Sn at 2e sites increases the turn angles of the Mn-(Y,Sn 1 )-Mn and Mn-Sn 3 -Sn 2 -Sn 3 -Mn layers, and consequently decreases the exchange coupling between Mn atoms in different layers giving rise to overall ferrimagnetic behavior.
Summary
The effects of Ga and Ti substitutions for Sn on the Mn spin arrangements of YMn 6 
